Lyme disease is the most widely reported vector-borne disease in the United States. Its 24 incidence is rapidly increasing and disease symptoms can be debilitating. The need to 25 understand the biology of the disease agent, the spirochete Borrelia burgdorferi, is thus 26 evermore pressing. Despite important advances in B. burgdorferi genetics, the array of 27 molecular tools available for use in this organism remains limited, especially for cell biological 28 studies. Here, we adapt a palette of bright and mostly monomeric fluorescent proteins for 29 versatile use and multi-color imaging in B. burgdorferi. We also characterize two novel 30 antibiotic selection markers and establish the feasibility of their use in conjunction with extant 31 markers. Lastly, we describe a set of constitutively active promoters of low and intermediate 32 strengths that allow fine-tuning of gene expression levels. These molecular tools complement 33 and expand current experimental capabilities in B. burgdorferi, which will facilitate future 34 investigation of this important human pathogen. To showcase the usefulness of these reagents, 35 we used them to investigate the subcellular localization of BB0323, a B. burgdorferi lipoprotein 36 essential for survival in the host and vector environments. We show that BB0323 accumulates 37 at the cell poles and future division sites of B. burgdorferi cells, highlighting the complex 38 subcellular organization of this spirochete. 39 40 IMPORTANCE 41
ABSTRACT 3 we complement and expand the array of molecular tools available for use in B. burgdorferi by 48 generating and characterizing multiple fluorescent proteins, antibiotic selection markers, and 49 constitutively active promoters of different strengths. These tools will facilitate investigations in 50 this important human pathogen, as exemplified by the polar and midcell localization of the cell 51 envelope regulator BB0323, which we uncovered using these reagents.
INTRODUCTION
MH644044 through MH644053. The names of these genes include a Bb superscript to indicate 177 that the gene's nucleotide sequence is codon-optimized for translation in B. burgdorferi (e.g., 178 iRFP Bb ). The name of the protein encoded by such a gene (e.g., iRFP), however, does not 179 include the Bb superscript, as the protein's amino acid sequence does not differ from that 180 expressed from other versions of the gene. T515lp, emission ET535/30m), mCherry/TexasRed (excitation ET560/40x, dichroic T585lpxr, 198 emission ET630/75m), and Cy5.5 (excitation ET650/45x, dichroic T685lpxr, emission 199 ET720/60m). For imaging, cultures were inoculated at densities between 10 3 and 10 5 cells/mL, 200 and grown for two to three days to reach densities between 10 6 and 3 × 10 7 cells/mL. The cells 201 the growth medium of the iRFP-expressing strain rendered the cells fluorescent in the near-251 infrared region of the spectrum, as detected with a Cy5.5 filter set ( Figure 1B ). Treating a 252 control strain carrying an empty shuttle vector with biliverdin did not cause any increase in 253 cellular fluorescence (data not shown). To measure cellular fluorescence levels, we chose a 254 microscopy-based approach in conjunction with quantitative image analysis. This allowed us to 255 efficiently analyze hundreds of cells and to clearly distinguish individual cells from similarly-256 sized debris found in the culture medium, or from clumps of multiple cells. Using this method, 257 we established that a 4 μM concentration of biliverdin in the growth medium was sufficient to 258 achieve maximal cellular brightness ( Figure 1C ). Close-to-maximal iRFP brightness was 259 reached as early as an hour after addition of biliverdin to the culture and was maintained 260 throughout subsequent growth ( Figure 1D ). Furthermore, continuous growth of B. burgdorferi 261 in the presence of biliverdin was indistinguishable from growth in biliverdin-free medium 262 ( Figure 1E ). This indicates that culture experiments that involve iRFP may be performed either 263 by adding biliverdin shortly before imaging or by growing the cells continuously in the presence 264 of biliverdin.
265
In microscopy studies, simultaneous imaging of multiple fluorescent proteins requires that 266 the signal generated by a given fluorescent protein does not overlap with the fluorescence 267 channels used to collect the signal of another protein. To assess the viability of using our 268 palette of fluorescent proteins for multi-color imaging in B. burgdorferi, we quantified the signal 269 generated by each fluorescent protein when imaged with the commonly used CFP, GFP, YFP, 270 mCherry, and Cy5.5 filter cubes ( Figure 2 ). We found that each fluorescent protein generated 271 a strong signal when imaged with a color-matched filter set ( Figure 2 ). As expected, we 272 detected a significant spectral overlap between CFP and GFP, as well as between GFP and 273 YFP variants. Importantly, signal quantification showed that mCerulean or msfCFP can be However, as overexpression can affect protein localization, interfere with function, or cause 285 cellular toxicity (e.g., (49-59)), lower levels of gene expression have proven instrumental in 286 facilitating localization studies (e.g., (60-63)) and are often preferred in such applications.
287
To identify constitutively expressed promoters of low and medium strengths, we mined a 288 published RNA sequencing (RNA-seq) dataset that measured transcript levels in cultures of B. 289 burgdorferi in early-exponential, mid-exponential and stationary phases of growth (64). We 290 selected five genes whose expression was largely unchanged among the three growth phases 291 tested ( Figure 3A ), amplified a DNA region upstream of each gene's predicted translational 292 start site, and fused it to an mCherry reporter in a kanamycin resistance-conferring shuttle 293 vector ( Figure 3B ). The amplified putative promoter sequences ranged in size from 129 to 212 294 base pairs (bp) and included the reported 5' untranslated regions (5'UTRs) of the downstream 295 genes (64, 65). We also included in our analysis an empty vector and a vector containing a 296 P flaB -mCherry Bb fusion, which served as references for no and high expression, respectively. 297 We transformed these constructs into B. burgdorferi, imaged the resulting strains, and 298 quantified the fluorescence level in each cell. All promoters elicited fluorescence levels above 299 the background of the strain carrying the empty vector ( Figure 3C ). We noticed differences between the RNA-seq and mCherry reporter-based methods of measuring promoter strength, 301 as detailed in the discussion. Importantly, however, the promoters we tested displayed a broad 302 dynamic range from low (P 0526 ) to intermediate (P 0826 , P resT , P 0031 , and P 0026 ) to high (P flaB ) 303 strength. Table 4 ) (45, 66-68). Use of several other antibiotics for selection is 311 either ineffective (e.g., zeocin, chloramphenicol, and puromycin), discouraged due to safety 312 concerns (e.g., tetracyclines, β-lactams, and sometimes erythromycin), redundant due to 313 cross-resistance (several aminoglycoside antibiotics), or no longer widespread (coumermycin 314 A 1 ) due to alterations in cell physiology induced by both the antibiotic and the resistance 315 marker (13, 67).
316
To expand the panel of antibiotic resistance markers that can be used in B. burgdorferi, we 317 focused on two antibiotics commonly used for selection of eukaryotic cells, namely the 318 translation inhibitors hygromycin B and blasticidin S. Rendering B. burgdorferi resistant to them 319 does not pose a biosafety concern, as these antibiotics are not used to treat Lyme disease. 320 We found that hygromycin B and blasticidin S prevented B. burgdorferi growth in liquid culture 321 at concentrations of 200 and 5 μg/mL, respectively (Table 4) . For resistance cassettes, we 322 used the E. coli gene hph (also known as aph(4)-Ia), which encodes a hygromycin B 323 phosphotransferase, and the Aspergillus terreus gene bsd, which encodes a blasticidin S 324 deaminase (69-71). We codon-optimized these genes for translation in B. burgdorferi and placed them under the control of the strong P flgB promoter on a shuttle vector ( Figure 4A ). The 326 resulting vectors, pBSV2H and pBSV2B, also carry the rifampicin resistance gene arr-2 of 327 Pseudomonas aeruginosa (72-74), which encodes a rifampicin ADP-ribosyltransferase. B. 328 burgdorferi is naturally resistant to rifampicin (75, 76), but the use of rifampicin for selection in 329 E. coli instead of the more expensive blasticidin S and hygromycin B antibiotics reduces the 330 cost of generating and propagating the vectors in E. coli.
331
B. burgdorferi strains obtained by transforming pBSV2B or pBSV2H into B31 e2 grew 332 readily in cultures containing 10 μg/mL blasticidin S or 250 μg/mL hygromycin B, respectively. 333 We used these strains to test whether the antibiotic resistance cassettes encoded by these 334 vectors conferred any cross-resistance to the often-used antibiotics kanamycin, gentamicin, 335 streptomycin, and erythromycin. In parallel, we performed reciprocal tests using B31 e2-336 derived strains that carried a kanamycin, gentamicin, or streptomycin resistance cassette.
337
Each strain was grown in the presence of two-fold serial dilutions of each antibiotic ( Figure 4B ).
338
Each dilution series was centred on the concentration routinely used for selection with each of 339 the tested antibiotics ( Figure 4B , arrow). We incubated all cultures for at least four days and 340 then inspected each well for growth by dark-field imaging. A well was considered to be growth-341 positive if we detected at least one motile spirochete after scanning a minimum of five fields of 342 view. In addition, we further incubated the plates to allow for growth-dependent acidification of 343 the medium. This pH change is easily detected as a change in the color of the medium from 344 red, denoting no growth, to orange or yellow, denoting various degrees of growth ( Figure 4C -H) 345 (67). We confirmed that wells with the lowest antibiotic concentration at which the medium 346 remained red also did not contain motile spirochetes. This concentration was taken to 347 represent the minimum inhibitory concentration, or MIC ( Figure 4C , black line). Whenever we 348 exposed a strain to the antibiotic to which it carried a resistance gene, we readily detected 349 growth at all antibiotic concentrations tested ( Figure 4D-H) , highlighting the efficacy of each resistance marker. Importantly, we did not detect any major cross-resistance between the five 351 resistance markers and the six antibiotics tested ( Figure 4D -H). One exception was the 352 kanamycin-resistant strain CJW_Bb069, which was able to grow in the presence of as much 353 as 40 μg/mL gentamicin ( Figure 4E ), a concentration routinely used for gentamicin selection 354 (67). A slightly higher amount of gentamicin (80 μg/mL) was, however, sufficient to kill this help anchor the outer membrane to the peptidoglycan (28). 369 We found that the BB0323-mCherry fusion displays striking localization patterns that vary 370 predictably with the culture growth phase ( Figure 5 ). In an exponentially growing culture, the Regardless of the reason for these discrepancies, these promoters will facilitate 466 complementation and localization studies where medium and low gene expression levels may 467 be required.
468
To demonstrate the usefulness of these molecular reagents, we used them to generate and 
487
In summary, our study describes novel molecular tools that we hope will aid investigations in 488 the Lyme disease field and spur further progress in the study of this medically important and 489 highly unusual bacterium. This study Dimeric a Maximum excitation (Ex) and emission (Em) wavelengths; b values assumed to be those for ECFP and EYFP, respectively (20); c NR, not reported: values were not reported in the original publication, or could not be exactly inferred from excitation and emission graphs. 
